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Abstract
Neutrino oscillation from muon neutrino to electron neutrino, which is induced by non-zero θ13 mixing angle, is expected to be
inﬂuenced largely due to matter eﬀect in the multi-GeV energy region in the atmospheric neutrinos. Since matter eﬀect occurs
on either neutrino or anti-neutrino depending on neutrino mass hierarchy, it is possible to deduce mass hierarchy by investigating
electron neutrino oscillation separately for neutrino and anti-neutrino. We will report on the study of mass hierarchy determination
using atmospheric neutrino data along with the latest oscillation analysis result in Super-Kamiokande.
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1. Introduction
Recently the mixing angle between the ﬁrst and third generations (θ13) has been discovered and measured precisely
by the accelerator [5, 6] and reactor neutrino experiments [2, 3, 4]. The neutrino oscillation from muon neutrino to
electron neutrino (νμ → νe) due to the ﬁnite value of θ13 will provide us the opportunity to probe the unknown prop-
erties such as CP violation in lepton sector and neutrino mass hierarchy. Neutrino mass hierarchy, i.e. the pattern
of the mass ordering between second and third mass states, is still unknown, and one of the important parameters to
be measured along with CP-violating phase (δCP) in neutrino oscillation physics. Several experiments are aiming at
detecting mass hierarchy, reactor experiments at medium baseline [7], double beta decay experiments [8], accelera-
tor experiments using O(1000 km) longer baseline [9]. The atmospheric neutrino experiments are also expected to
measure neutrino mass hierarchy by utilizing the matter eﬀect of the Earth.
Atmospheric neutrinos are decay products of secondary particles such as pions, kaons and muons, produced by
the interactions of primary cosmic ray in the Earth atmosphere. Since the neutrino oscillation was discovered by its
observation in 1998 [1], the atmospheric neutrinos have been playing an import role in the neutrino oscillation physics.
The apparent evidence of neutrino oscillation is the signiﬁcant deﬁcit of the upward-going muon neutrinos observed
in the energy range from sub-GeV to O(10) GeV. This deﬁcit can be explained by two-ﬂavor neutrino oscillation from
muon neutrino to tau neutrino (νμ → ντ) due to the larger mass splitting Δm232 (= m23 − m22) and the mixing angle θ23.
Meanwhile, the sub-leading eﬀect other than νμ → ντ, which is expected in the three ﬂavor oscillation scheme, has
been investigated, especially for νμ → νe oscillation driven by θ13 [10, 11]. Additionally, the octant of θ23 (θ23 > π/4
or θ23 < π/4 ), mass hierarchy, and δCP are observable in the atmospheric neutrinos [12]. These are important topics
of neutrino oscillation physics in recent years.
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2. νμ → νe oscillation in atmospheric neutrinos
Analogue to leptons and quarks, three generation scheme is the standard scenario for neutrinos. When neutrino
has mass, the ﬂavor eigenstates could be diﬀerent with the mass eigenstates, and the relationship between them are
expressed by a 3 × 3 unitary mixing matrix U called as PMNS matrix [13, 14] :
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
νe
νμ
ντ
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠ = U
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
ν1
ν2
ν3
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠ (1)
U =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
1 0 0
0 c23 s23
0 −s23 c23
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
c13 0 s13e−iδ
0 1 0
−s13eiδ 0 c13
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
c12 s12 0
−s12 c12 0
0 0 1
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠ (2)
where “ci j” and “si j” represent cosine and sine of the mixing angle θi j, respectively. In this standard framework,
neutrino oscillations are described by six parameters: two independent mass splitting (Δm221, Δm
2
32), three mixing
angles (θ12, θ23, θ13), and a CP-violating phase δ (= δCP).
In most cases, the neutrino oscillation phenomena in the atmospheric neutrino can be approximated more simply
under the assumption of neglecting smaller mass splitting, Δm221 ∼ 7.5×10−5 eV2 [15], compared to the larger one
Δm232, since the eﬀect of Δm
2
21 oscillations is relevant in the energy range less than 1 GeV and small in atmospheric
neutrino measurement. Under this approximation, the oscillation probability can be expressed using two mixing angle,
θ23, θ13 and larger mass squared diﬀerence Δm232.
P(νμ → νe) = s223 sin2 2θ13 sin2
⎛⎜⎜⎜⎜⎝
1.27Δm232L
Eν
⎞⎟⎟⎟⎟⎠ (3)
P(νμ → νμ) = 1 − 4c213s223(1 − c213s223) sin2
⎛⎜⎜⎜⎜⎝
1.27Δm232L
Eν
⎞⎟⎟⎟⎟⎠ (4)
The above P(νμ → νμ) becomes equivalent to that of two-ﬂavor oscillation when the mixing angle θ13 is zero.
Since non-zero θ13 has been revealed by the recent reactor and accelerator experiments, the eﬀect of θ13 should be
observable in the atmospheric neutrino measurement also. Moreover, the matter eﬀect [16, 17, 18] must be taken
int account in the multi-GeV region since θ13-driven oscillation involves electron neutrino which is aﬀected by the
potential of the forward scattering in the matter. The eﬀective mixing angle in the matter (θm13) can be expressed as
follows:
sin2 2θm13 =
sin2 2θ13
(A/Δm232 − cos 2θ13)2 + sin2 2θ13
(5)
where A = 2
√
2GFNeEν, GF is the Fermi coupling constant, Ne is the electron density in matter. The amplitude of
θm13 oscillation shows resonance feature (sin
2 θm32 → 1) when A ∼ Δm223 cos 2θ13. The above conditions matches for
neutrino energy Eν = 2∼5 GeV under the condition of the electron density in the mantle and core region of the Earth.
The neutrino mass hierarchy between second and third neutrinos are related to the matter eﬀect since the sign of
Δm232 is positive for normal hierarchy and negative for inverted hierarchy. Also this resonance feature depends on the
charge sign of neutrino, i.e. neutrino or anti-neutrino, since it changes the sign of A. Fig 1 shows νμ to νe oscillation
probability for each mass hierarchy and neutrino/anti-neutrino case. In summary, the resonance feature could occur
for the cases that neutrino with normal hierarchy or anti-neutrino with inverted hierarchy.
The eﬀect of δCP and θ23 octant begins to appear when smaller mass squared diﬀerence, Δm221, is taken into
account. Since the energy region where Δm221 is concerned below 1 GeV and due to poorer directional resolution
of neutrinos to lepton scattering in this energy region, these eﬀects marginally appear in the observed event rate of
sub-GeV neutrinos.
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Figure 1. Neutrino oscillation probabilities from muon neutrino to electron neutrino (νμ to νe) as a function of cosine of zenith angle and neutrino
energy. The cases of normal hierarchy are shown in the upper ﬁgures, and inverted hierarchy are lower. Left (right) are those of neutrino.
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3. Super-Kamiokande detector and atmospheric neutrino data
Super-Kamiokande [19] (SK) is a cylindrical 50 kTon water Cherenkov detector located at Kamioka Observatory
of Institute for Cosmic Ray Research in Gifu Prefecture, Japan. The detector is mainly composed of the water tank
and the 20-inch photomultiplier tubes (PMTs) which detect Cherenkov radiation due to charged particles in the water.
The Super-Kamiokande experiment started taking data in April 1996 and continued the observation for ﬁve years
within the SK-I running period till 2001. After SK-II ran from 2002 to 2005 with half of the original PMT density.
After rebuilding detector as same PMT density, SK-III started observation. New electronics was installed in 2008 and
SK-IV started since then.
We studied oscillation eﬀects in all types of data that are categorized into fully-contained events (FC), partially-
contained events (PC), and upward-going muons (UPMU). FC events are characterized by the primary vertex position
that is located inside the 22.5 kton ﬁducial volume of the detector and all the visible secondary particles stopped in
the inner detector. PC events have the primary vertex position in the ﬁducial volume but at least one charged particle
escaping from the inner detector. In most cases, the escaping particle is a muon. Upward-going muons originate from
high energy muon-neutrino interactions in the rock surrounding the detector. Only the muon traveling through the
detector upward is identiﬁed. FC sample are divided into sub-GeV and multi-GeV according to the visible energy at
1.33 GeV, and also separated into electron-like and muon-like events by particle identiﬁcation algorithm.
In this proceedings the analysis result of the atmospheric neutrino dataset observed for SK-I to SK-IV periods
are presented. The livetimes are 4223 days for FC and PC samples, 4527 days for UPMU sample. which is about
320 days increased compared to the result shown in the last year [21]. The momentum and zenith angle distributions
are shown in Figure 2.
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Figure 2. Lepton momentum and zenith angle distributions of atmospheric neutrino sub-samples used in the oscillation analysis.
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4. neutrino / anti-neutrino separation: methodology
As the enhancement of electron neutrinos due to matter eﬀect occurs either for neutrinos and anti-neutrinos de-
pending on matter hierarchy, the sensitivity to mass hierarchy is expected to be improved by providing enriched
samples for neutrino and anti-neutrino, respectively.
The multi-GeV electron-like events are divided into νe-like and ν¯e-like in this analysis. It is also expected to be
aﬀected to some extent due to matter eﬀect, however ν/ν¯ separation is not applied to multi-GeV muon sample in this
analysis, because there were not enough gain in sensitivity when the systematic uncertainties of muon ν/ν¯ separation
are considered. Further improvements are required.
The multi-GeV FC electron-like events, in which most energetic Cherenkov ring is identiﬁed as electron, are
relevant for the νe/ν¯e separation in this analysis. Since Super-K detector cannot identify sign of out-going lepton
charge, the separation is made based on the diﬀerence in kinematics at neutrino interaction and characteristics of
hadron system. Compared to anti-neutrino induced events, neutrino induced events tend to have these feature: (1)
The leptons are scattered more isotolopically and their momentum becomes smaller. (2) Meanwhile the momentum
transfer to hadron system is larger, producing more pions and more Cherenkov rings in the ﬁnal state. (3) Also the
total amount of charge in the hadronic system tend to be more positive. (4) Since negative pions with a few hundreds
MeV energies are likely to be absorbed in water and less delayed signals due to muon decay are observed, the number
of decay electron signals in neutrino events tend to be increased.
The separation criteria are diﬀerent depending on the number of identiﬁed Cherenkov rings. In case that single-
ring electron-like events, separation is made using number of delayed signals due to muon decay (Ndcy). We classiﬁed
events of Ndcy>0 as νe-like, and the rest (Ndcy==0) as ν¯e-like. As for the case of multi-ring electron-like events, the
νe/ν¯e separation is applied for electron-enhance sample which are selected from multi-GeV multi-ring events based
on a likelihood method since background events induced by νμ CC and NC interactions are still contaminated to same
extend only with event selection using standard ring-counting algorithm. The separation is also based on likelihood
method using these three kinematic variables: number of decay electron events, number of identiﬁed Cherenkov
rings, reconstructed transverse momentum. Their energy dependent distributions are generated from Monte Carlo
simulation events for νe/ν¯e induced events, respectively, and used as a probability density function of likelihood, Γ.
The likelihood values of νe/ν¯e separation are calculated as follows:
Lνe/ν¯e =
3∑
i
log(ΓCC νei ) − log(ΓCC ν¯ei ) (6)
where i means the kinematic variable used for likelihood. The νe-like and ν¯e-like samples are divided at Lνe/ν¯e = 0.
The fractions of each interaction events for νe-like and ν¯e-like samples are shown in Table 1. See [20] for more detail
on ν / ν¯ separation.
Composition (%) CC νe CC ν¯e CC νμ + ν¯μ NC
νe-like 1-R 60.2 10.6 13.5 14.8
M-R 57.5 17.4 10.7 13.7
ν¯e-like 1-R 55.7 36.6 1.1 6.4
M-R 51.9 20.7 8.2 19.7
Table 1. Fraction of neutrino interactions for single-ring (1-R) / multi-ring (M-R) νe-like and ν¯e-like samples.
5. oscillation analysis result
We have performed an extended oscillation analysis including all the mixing parameters and δCP.
The oscillation ﬁts are done with three oscillation parameters, Δm232, θ23, δCP by χ
2 method with consideration
of the systematic errors and the matter eﬀect in the Earth. The value of θ13 is ﬁxed to be sin2 θ13=0.025 in order to
consider the constraint according to the recent precise measurements by the reactor experiments. Also both the normal
and inverted mass hierarchies are tested, respectively.
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Figure 3. Δχ2 versus δm232 (left), sin
2 θ23 (middle), δCP (right) for normal hierarchy case. Δχ2 means the diﬀerence from the minimum χ2 among
the oscillation ﬁts in normal hierarchy assumption. The region below red (green) line corresponds to the allowed range by 68% (90%) conﬁdence
level.
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Figure 4. Same ﬁgures as Figure 3 but inverted hierarchy assumption.
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Figure 3 and 4 show Δχ2 distributions as a function of oscillation parameter. Δχ2 is calculated as the deviation
from the minimum χ2 in the same hierarchy assumption. In each parameter point, other oscillation parameters are
marginalized. Table 2 shows oscillation parameters at the best ﬁt and in the allowed region of 90% conﬁdence level
for each hierarchy assumption. 90% conﬁdence region is deﬁned as where Δχ2 is below 2.7 in Figure 3 and 4. The
result of the oscillation ﬁt looks interesting. sin2 θ23 at best ﬁt point is deviated from the maximal mixing (θ23=π/4),
and the second octant is favored in both mass hierarchy The region of δCP around 200◦ is preferred for both hierarchy
assumptions, and the data begins to give weak constraint by 90% conﬁdence level. Figure 5 shows the comparison
of χ2 value as a function of δCP between normal and inverted hierarchy assumptions. The global χ2 minimum lies in
inverted hierarchy, and the diﬀerences between both hierarchy assumption is 1.5, which indicates marginal preference
to inverted hierarchy. The sensitivity study by Monte Calro simulation data shows the obtained χ2 diﬀerence is
consistent; Δχ2 is expected to be 2.3 under the assumption of inverted hierarchy and best ﬁt oscillation parameters.
Normal Inverted
best ﬁt 90% C.L. best ﬁt 90% C.L.
Δm232 (×10−3eV2) 2.82 2.25 - 3.22 2.66 2.21 - 3.02
sin2 θ23 0.60 0.39 - 0.64 0.60 0.41 - 0.64
δCP 200◦ all allowed 220◦ 0◦-9◦, 80◦-360◦
Table 2. Oscillation parameters at best ﬁt and of 90% C.L. allowed region obtained by three ﬂavor oscillation analysis for normal and inverted
hierarchy assumptions, respectively. The oscillation ﬁts are performed with the constraint of sin2 θ13=0.025. Unit of δCP is degree.
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Figure 5. χ2 distributions as a function of δCP for normal (black) and inverted (red) hierarchy assumptions. In each δCP point, other oscillation
parameters are marginalized with ﬁxed θ13.
6. Summary and discussion
Neutrino oscillation from νμ to νe due to non-zero θ13 provides us the opportunity to investigate the mass hierarchy
by utilizing the electron-like events in multi-GeV energy region. Since the νe enhancement occurs in ether neutrino
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or anti-neutrino depending on mass hierarchy, the statistical separation between neutrino-induced and anti-neutrino-
induced events is conducted, and considered into the oscillation ﬁts. Super-Kamiokande data indicates marginally the
preference in inverted hierarchy and give constraint on CP violating phase thought they are marginal.
Several attempts and possibilities to increase mass hierarchy sensitivity are being considered:
• The identiﬁcation of the delayed weak signal (2.2 MeV γ) due to the hydrogen capture of recoiled neutron
produced by neutrino interactions is expected to increase the separation performance between neutrino and
anti-neutrino events.
• The oscillated ντ events by θ23 mixing angle, which decays into hadrons, are contaminated in electron-like
events, and gives relatively large uncertainties in mass hierarchy measurement. The background rejection of
these ντ originated events is one possibility to increase mass hierarchy sensitivity.
• The constraints on the oscillation parameters, such as Δm223, θ23, by the external oscillation experiment like
accelerator experiments will be useful and the combined oscillation ﬁt will bring better results.
• The large statistical uncertainties are most signiﬁcant in the mass hierarchy measurement since the energy
spectrum of atmospheric neutrinos are steep and the observed event rate becomes less in higher energies. The
mega-ton volume detector such as Hyper-Kamiokande [22] should solve this issue and bring deﬁnite answer to
mass hierarchy with precise measurement.
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